Genome stability is essential for all organisms. Translationally controlled tumour protein (TCTP) is a conserved protein associated with cancers. TCTP is involved in multiple intracellular functions, but its role in transcription and genome stability is poorly understood. Here, we demonstrate new functions of Drosophila TCTP (Tctp) in transcription and the stability of repeated sequences (rDNA and pericentromeric heterochromatin). Tctp binds Brahma (Brm) chromatin remodeler to negatively modulate its activity. Tctp mutants show abnormally high levels of transcription in a large set of genes and transposons. These defects are ameliorated by brm mutations. Furthermore, Tctp promotes the stability of repeated sequences by opposing the Brm function. Additional regulation of pericentromeric heterochromatin by Tctp is mediated by su(var)3-9 transcriptional regulation. Altogether, Tctp regulates transcription and the stability of repeated sequences by antagonizing excess Brm activity. This study provides insights into broader nuclear TCTP functions for the maintenance of genome stability.
G enome stability is critical for development and survival of all organisms. The DNA of eukaryotic genome is packaged into nucleosomes. Continuous nucleosome arrays form more complex chromatin fibers, resulting in chromosomes 1 composed of two types of domains: euchromatin and heterochromatin. In general, euchromatin is gene-rich, accessible to DNA binding factors and transcriptionally active, while heterochromatin is gene-poor 2, 3 and transcriptionally less active 1 . However, these two domains are distinguished further by other properties, including DNA sequence composition and gene density 1, 3 .
In fission yeast, flies and mammals, pericentromeric heterochromatin is important for the regulation of sister-chromatid cohesion and centromere stability. Silencing histone marks such as H3K9me2/3, HP1a, and SU(VAR)3-9 are abundant in heterochromatin, and critical for DNA repair in highly repeated sequences 4, 5 , homologous recombination between repetitive DNA sequences 6, 7 and suppression of transposons 8 . Interestingly, silencing histone marks are also required for the stability and repair of rDNA sequences, which are proximal to pericentromeric heterochromatin and partially silenced in Drosophila 2,3,9 . Di/trimethylation of histone H3K9 in heterochromatic genes and repeats is catalysed by histone SU(VAR)3-9 methyltransferase (HMT) and HP1a, which is crucial for genome stability by maintaining heterochromatin structures 6 .
Besides histones, DNA packaging requires histone chaperones, histone-modifying enzymes and chromatin remodelling complexes (remodelers). Of these, chromatin remodelers are major contributors to the dynamic nature of chromatin because they use the energy from ATP-hydrolysis to organize nucleosomes 10, 11 . These functions of remodeler complexes allow diverse proteins, such as RNA/DNA polymerases, transcription factors and DNA repair proteins, to access to the DNA and modulate transcription, DNA replication and DNA repairs. Four classes of ATPase remodelers have been identified (SWI/SNF, ISWI, CHD and INO80) according to their unique domains flanking the ATPase region: HSA and Bromo domains for SWI/SNF, SANT and SLIDE domains for ISWI, two tandemly arranged chromo domains for CHD, and HSA for INO80. In flies and mammals, mutants in these remodeler genes show various defects in development, transcription, chromatin structure formation, DNA damage repair, fertility 11 or cell proliferation 12, 13 .
The Drosophila SWI/SNF remodeler called the Brahma (Brm) complex consists of at least 11 subunits, including 7 core subunits and 4 accessories 14, 15 . A catalytic ATPase subunit is encoded by brahma (brm) gene, which is essential for global transcription by RNA polymerase-II (Pol-II) 16 , inhibition of heterochromatin spreading 17 and suppression of homeotic transformation by Polycomb gene mutations 11 . There are two distinct Brm complexes in Drosophila according to their specific compositions of core and accessary subunits: BAP (Brahma-associated proteins) and PBAP (Polybromo-associated BAP) 18 .
In eukaryotes, translationally controlled tumour protein (TCTP) is a conserved protein involved in cancer and various cell functions in both cytoplasm and nucleus [19] [20] [21] [22] [23] [24] [25] . TCTP interacts with many cytoplasmic binding partners to participate in cell growth, proliferation, tumour invasion and apoptosis 19, 20, 26, 27 . In addition, there is evidence that TCTP functions as a transcription factor 21, 24 and a nuclear binding partner for ATM kinase during DNA repair 22, 25 . In our previous study on the interaction between Drosophila TCTP (Tctp) and ATM for DNA repair, we observed that Tctp is widely distributed in interband regions of polytene chromosomes in salivary glands (SG). This prompted us to search for broader nuclear functions of Tctp at the level of chromatin.
Here we show that Tctp binding to Brm antagonizes the Brm complex function to regulate gene transcription, transposon activation, and the stability of repeated sequences (rDNA and pericentromeric heterochromatin). Loss of Tctp causes a reduction of su(var)3-9 transcription, resulting in reduced H3K9me2/3 methylation. Our data suggest that Tctp regulates pericentromeric heterochromatin stability through histone modification and chromatin remodelling. This study provides new insights into the function of TCTP in genome stability and cancer.
Results
Tctp directly interacts and colocalizes with Brm. Tctp is detected in the cytoplasm as well as in the nucleus ( Supplementary Fig. 1a) where it is broadly distributed in the interband regions of polytene chromosomes from SG cells 22 . Since the interband regions are transcriptionally active with less-condensed euchromatic conformation 1 , it is possible that Tctp may play a role in the regulation of chromatin structure and transcription. Thus, we used yeast two-hybrid screen to identify novel Tctp-interacting partners and found a Brm polypeptide binding to Tctp (Supplementary Fig. 1b; Fig. 1a,c) . Brm is the catalytic ATPase subunit of the Brm chromatin remodeler involved in regulation of pericentromeric heterochromatin boundaries by antagonizing spreading of silencing and in transcriptional gene regulation 10, 11, 17 . The physical interaction between Tctp and Brm was reciprocally confirmed by co-immunoprecipitation (co-IP) using nuclear extracts from S2 cells transfected with FLAG-tagged full-length wild-type Brm (Brm WT ) and MYC-tagged Tctp (Fig. 1b) .
In vitro pull-down assay using MBP-Tctp and GST-Brm deletion variants (Fig. 1c) revealed that Tctp directly binds to a 304-747 aa region of Brm (Fig. 1d) containing both HSA and BRK domains. Pull-down assays between MBP-Tctp and GST-Brm 304-747 deletion variants indicated that deletion of either HSA or BRK domain strongly reduced the binding between Brm and Tctp, while deletion of both domains abolished the binding of these two proteins. Thus, HSA and BRK domains are partially redundant, and loss of both domains critically impairs the binding between Brm and Tctp in vitro (Fig. 1e , Lane 4, 6 and 7) compared with other parts of 304-747 aa region of Brm (Fig. 1e , Lane 3, 5 and 8). Co-IP using S2 cells transfected with 2xMYC-Tctp and 2xFLAG-Brm variants also showed that deletion of either HSA or BRK domain significantly impaired the physical interaction between Tctp and Brm (Fig. 1f, Lane 7-10) . Interestingly, however, Brm deleted in both HSA/BRK domains still showed a weak binding to Tctp (Fig. 1f, lane 10) . Thus, although HSA and BRK domains are important for proper binding of these two proteins, a weak interaction may still be possible through another region of Brm in culture cells. Glutamate at the position 12 in the N-terminal region of Tctp is necessary for Tctp functions 22, 26 . The interaction between Tctp and Brm was considerably reduced by the E12 substitution (E12 to V) (Tctp E12V ), indicating a role of E12 for binding between Tctp and Brm (Fig. 1f , .
Consistent with these biochemical data, we also observed in vivo colocalization between Tctp and Brm in polytene chromosomes ( Fig. 1g,h; Supplementary Fig. 2a ). To check the effects of Tctp mutation, chromosomes were prepared from a mixed SG samples of wild-type and Tctp EY /Tctp h59 trans-heterozygote (hereafter Tctp EY/h59 ). This trans-heterozygote provides a strong hypomorph condition 22 that can be identified by reduced Tctp expression. In Tctp-positive wild-type chromosomes, most Tctp colocalized with Brm within the interband regions ( Fig. 1g, arrowhead; Fig. 1h , yellow arrowheads), although some sites showed preferentially either Tctp or Brm (Fig. 1h , red arrowheads for Tctp and green for Brm). In Tctp EY/h59 chromosomes, Tctp level was strongly reduced (Fig. 1g, arrow) , but Brm seemed to be intact at the gross level (Fig. 1i) , although Tctp EY/h59 chromosomes showed minor variations in the Brm banding intensity ( Supplementary Fig. 2a , asterisks). Tctp knockdown by ptc-Gal4 (ptc4Tctp-i) also did not cause gross changes in the Brm level ( Supplementary Fig. 2c , white arrow). Similarly, Tctp levels were not changed significantly in polytene chromosomes with Brm silencing (ptc4brm-i) or dominant-negative Brm 28 expression (ptc4Brm DN ) ( Supplementary Fig. 2d-e 29, 30 . Since Tctp binds to the HSA domain of Brm and both Drosophila ARP4 and Act (ARP4/Act) also bind to the same domain ( Supplementary Fig. 3 ), we examined whether Tctp binding to the HSA domain might promote or interfere with ARP4/Act binding to Brm for regulating Brm ATPase activity. First, we performed co-IP in Tctp-knockdowned S2 cells coexpressing V5-ARP4, V5-act, and FLAG-Brm WT to observe the change in the binding affinity between Brm and ARP4/Act (Fig. 2a) . Interestingly, ARP4/Act binding to Brm was increased by Tctp-knockdown (Fig. 2a, arrows) . This inverse relationship suggests that Tctp may negatively regulate Brm ATPase activity by interfering with ARP/Act binding to Brm. To attest this postulation, we assayed ATPase activity of Brm using immunoprecipitations in Tctp-knockdowned S2 cell nuclear extracts ( Fig. 2b-d) . Brm ATPase activity was measured at day 3 and 7 after dsRNA treatment. In vitro Brm ATPase activity was determined with a colorimetric Malachite green inorganic phosphate assay [31] [32] [33] . In this assay, immunoprecipitants from Tctp-knockdowned S2 cell extract (Fig. 2c) showed about 2.5-fold higher Brm ATPase activity than pSK( À ) dsRNAi control (Fig. 2d) . This result suggests that Tctp binding to Brm negatively modulates Brm ATPase activity by competing with ARP4/Act for binding to the HSA domain.
Tctp shows antagonistic genetic interaction with brm. Biochemical data shown above indicate a negative relationship between Tctp and Brm. To determine whether Tctp and Brm are antagonistically related in vivo, we examined their genetic interactions in the wing. We took an advantage of the observation that Brm participates in wing vein formation by regulating EGFR signalling 34, 35 . Brm overexpression by ap-Gal4 (ap4brm) in wing discs produced ectopic veins in both L2 and the posterior crossvein regions in about 60% of flies examined (Fig. 3a) . This phenotype was considerably suppressed by co-expression of Tctp, but not by Tctp E12V (Fig. 3a) . Interestingly, adult Tctp EY/h59 females also showed extra posterior crossvein phenotype (58% flies; Fig. 3b , black arrowheads), which was seen in only about 5% of adult females when brm 2 null heterozygote (brm 2 / þ ) was introduced (Fig. 3b, suppressed or enhanced by Brm reduction or overexpression, respectively (Fig. 3c , asterisk and white arrow), providing additional evidence for an enhanced Brm activity in the Tctp mutant background. The curled wing phenotype of ptc4Tctp-i flies was also modified by altered levels of positive modulators of Brm such as ARP4 (encoded by bap55 gene) and Act. Penetration of the weak curled-up wing phenotype in ptc4Tctp-i was considerably reduced to about 50% by heterozygous bap55 EY15967 or act cg0010 mutation. In contrast, overexpression of ARP4 or Act enhanced the curledup wing phenotype marginally or considerably, respectively ( Supplementary Fig. 4a ). Hence, Tctp is antagonistically related to Brm and its associated regulators in development.
To confirm the increased activation of the Brm function in Tctp mutants, we tested genetic interaction by coexpressing Tctp-i and Brm DN , a dominant-negative form deficient in ATPase activity due to K804R substitution in the ATP-binding site 28 . We used a vgGal4 driver to induce Brm DN expression in the dorsoventral boundary of wing disc (Fig. 3d) . The downward-kinked adult wing phenotype of vg4Tctp-i flies was suppressed by coexpressing Brm DN , indicating that Tctp depletion causes activation of Brm function. This genetic interaction between Tctp silencing and Brm DN is specific because a dominant negative form of another class of chromatin remodeler ATPase, ISWI (ISWI DN , K159R substitution in the ATP-binding site) 36 showed no genetic interaction with vg4Tctp-i flies. Remarkably, high lethality in ptc4brm DN during mid-and late pupal stages ( Supplementary  Fig. 4b , black arrows) was considerably suppressed or enhanced by Tctp-knockdown or overexpression, respectively ( Supplementary  Fig. 4b , blue and red arrows). Collectively, these results indicate that Tctp is antagonistic to brm function in vivo, in accordance with the biochemical evidence for an inhibitory modulation of Brm ATPase activity by Tctp (Fig. 2 ).
Aberrant regulation of transcription in Tctp mutants. In eukaryotes, Brm remodeler complexes are involved in transcriptional regulation of various target genes during development 11, 14, 16, 18, 35, [37] [38] [39] [40] . Especially, in Drosophila, PBAP complex physically interacts with the transcription initiation factor IID complex to make a single supercomplex in the promoter region for transcription start process 15, 41 . In addition, Brm complex with a mutant form of inhibitory SNR1 subunit increases RNA polymerase II (Pol-II) elongation activity in Eig71E gene locus 37, 40 .
Direct interaction and antagonistic relation between Tctp and Brm led us to ask whether Tctp functions together with Brm to regulate transcription processes by changing the chromatin structure. First, we found that Tctp colocalizes with Pol-II in interband regions of polytene chromosomes (Fig. 4a) .
Interestingly, different Pol-II antibody markers (specific for the phosphorylation patterns of Pol-II C-terminal domain (CTD) during transcription) showed that most Tctp was colocalized with Pol-IIa of the pre-initiation complex at the promoter regions (Fig. 4b) . Tctp was also localized with Pol-II Ser5 in the early transcription stage of promoter clearance ( Fig. 4c) and Pol-II Ser2 in the late transcription stage (Fig. 4d) . Consistent with these data, Pol-II antibody detecting both phosphorylated and non-phosphorylated CTD immunoprecipitated Pol-II with Brm and Tctp in S2 cell nuclear extract transfected with 2xFLAG-Brm WT and 2xMYC-Tctp (Fig. 4e, left panels) . Reciprocally, 2xMYC-Tctp or 2xFLAG-Brm was also immunoprecipitated with Pol-II, although the binding affinity was weak (longer exposures in Fig. 4e ). These data suggest that Tctp and the Brm complex may form a large protein complex with a transcription machinery to regulate the early transcription process.
Next, we examined phosphorylation patterns of Pol-II CTD in SG from Tctp EY/h59 to check the effects of Tctp on Pol-II activity during transcription. Pol-II stability and Pol-II binding to promoter regions in Tctp EY/h59 seemed to be intact because the total amounts of Pol-II (RPB1 subunit) and promoter-recruited Pol-II (Pol-IIa) were similar to wild-type control ( Fig. 4f) , respectively. On the contrary, Pol-II activities in transcription initiation (Pol-II Ser5 ) and elongation (Pol-II Ser2 ) steps were considerably increased in Tctp EY/h59 , and the increased Pol-II activities were restored by introducing a wild-type Tctp genomic fragment (Tctp G30e-2 ) (Fig. 4f , white arrows). Notably, brm 2/ þ mutation markedly suppressed the increased Pol-II activities in Tctp EY/h59 (Fig. 4f , black arrows). These data suggest that Tctp is required to suppress a step of early transcription by negatively modulating Brm functions.
These results were further confirmed by immunostaining of polytene chromosomes in Tctp EY/h59 . Pol-II activity in the transcription elongation step was higher in Tctp EY/h59 chromosomes than wild-type control ( Fig. 4g, top ; Supplementary Fig. 5a -b), while this phenotype was rescued by Tctp G30e-2 or a reduction of the Brm function ( þ /brm 2 ) ( Fig. 4g, bottom; Supplementary Fig. 5c-d) . Heat-shock in larval stages is known to cause dynamic changes in Pol-II activity such as decreased elongating Pol-II in euchromatin interbands and then increase at several heat-shock loci 16, 42 . Thus, we tested whether the Pol-II activity difference between wild-type and Tctp EY/h59 is still prominent after heat-shock treatment ( Fig. 4h ; Supplementary Fig. 5e-f) . After heat shock, active transcriptional elongation was exclusively restricted to heat-shock loci such as 87A, 93D and 95D in wild-type chromosomes (Fig. 4h, top) . Tctp EY/h59 also showed similar dynamic Pol-II activity changes, but a substantial fraction of Pol-II Ser2 was retained at a subset of euchromatic sites (Fig. 4h, white arrowheads) . Altogether, these results suggest that Tctp acts in a supercomplex containing the Brm complex and a transcriptional complex, and that in this large complex, Tctp may affect early transcription step and subsequent elongation process by negative modulation of Brm ATPase.
Abnormally enhanced Brm and Pol-II activity in Tctp mutants suggested that Tctp may be required for proper gene transcription. This possibility was tested using mRNA expression profiles in SG cells from wild-type (w 1118 ), Tctp h59/ þ and Tctp EY/ h59 ( Supplementary Fig. 6a-c) . A total of 1,765 genes with more than 1.5-fold differences compared with wild-type were used for heat-map analysis. As expected, expression of these genes was increased or decreased in proportion to the functional Tctp gene dosage ( Supplementary Fig. 6a) CG11893  CG2010  CG4105  CG18473  CG7884  CG8084  CG9021  CG13207  CG10131  CG11836  CG7142  CG32356  CG8277  CG15671  CG4680  CG13722  CG1374  CG4393  CG8805  CG9908  CG9116   CG14109  CG42365  CG9632  CG15905  CG43740  CG11345  CG17835  CG42334  CG5955  CG4881  CG1738  CG5873  CG30457  CG13813  CG8785  CG12858  CG6864  CG13689  CG2137  CG32239 (Supplementary Fig. 6b; Supplementary Table 1 ). These gene functions were ranged from apoptosis, DNA repair, or neurogenesis to reproduction, although mRNA profiling was performed using SG tissue. Notably, quantitative PCR analysis (QPCR) on a subset of genes (42) with abnormal expression levels in Tctp EY/h59 revealed that the transcriptional levels of most of these genes (34/42) were considerably recovered by brm 2/ þ mutation (Fig. 4i) , suggesting that abnormal transcription in Tctp mutants are likely due to an increase in the Brm function.
Interestingly, we found that of 78 transposons arrayed in a DNA chip, 17 showed markedly elevated levels over 1.5-fold in Tctp EY/h59 , while 11 were reduced (Supplementary Fig. 6c ). Uncontrolled transposon expression is known to cause various genome instability [43] [44] [45] [46] . Notably, retrotransposons like R2, Copia, and Accord located in pericentromeric regions 43, 47 were highly expressed over 100-fold higher than wild-type. In addition, elevated expression of telomere-related TEs (Invader4 and TART) might be related to the telomere fusion phenotype found in Tctp mutants 22 . These abnormal transposon expressions were not tissue-specific because QPCR in various tissues from Tctp EY/h59 larvae (gut, SG, brain and wing disc) and adults (ovary) (Fig. 4j and Supplementary Fig. 6d ) showed similar results, though transposon expression levels were relatively higher in endocycling tissues (gut, cuticle and SG) than mitotic tissues (brain, wing discs and ovary). These ectopic expressions of retrotransposons in Tctp EY/h59 were considerably reduced in brm 2/ þ , Tctp EY/h59 double mutants to about a half level of Tctp EY/h59 or the level comparable to wild-type control (Fig. 4k) . These results suggest that Tctp may be required for proper silencing of genes and transposons by negatively modulating Brm activity.
Defective position-effect variegation in Tctp mutants. Retrotransposons are transcriptionally silenced by heterochromatic marks and associated proteins 2, 3, 46 . Because highly expressed transposons in Tctp EY/h59 are located in the pericentromeric region, ectopic expression of transposons in Tctp mutants may derive from loss of heterochromatin silencing.
To test this assumption, we checked whether Tctp can affect position-effect variegation (PEV). PEV is a phenotypic variegation caused by random suppression of an euchromatic gene due to its abnormal juxtaposition to heterochromatin 48 . We utilized the PEV phenotype of In(1)w m4 (Fig. 5a) , in which the white (w) gene is transposed close to pericentromeric heterochromatin on the X chromosome by a large inversion ( Supplementary Fig. 7a) 49, 50 (Fig. 5a,  black arrowhead) . In control tests, the w m4 PEV phenotype was suppressed by a mutation in the su(var)2-5 gene encoding HP1a protein, one of the key proteins maintaining the heterochromatin structure. In contrast, this PEV phenotype was enhanced by a mutation in lid encoding a histone demethylase (Fig. 5a) . We then examined the effects of Tctp mutations on PEV. Tctp heterozygous null mutation ( þ /Tctp h59 ) considerably suppressed the w m4 phenotype, resulting in about 6-fold higher eye pigmentation than w m4 control eye (Fig. 5a, white arrowhead) . We also confirmed that Tctp h59/ þ mutation increased the level of white gene transcription by about 2.5-fold in the w m4 line (Supplementary Fig. 7b ). These data suggest that silencing of w m4 is compromised by Tctp mutation.
Besides w m4 allele, Tctp mutation also suppressed PEV phenotypes of two additional lines, T(2;3)Stubble Variegated (Sb v ) and Tp(3:Y)BL2 (Supplementary Fig. 7c-d) . Supplementary Fig. 7c ). In Tp(3;Y)BL2/ þ , a HS-lacZ transgene inserted in the euchromatic region of the third chromosome (65E) 48, 49 is transposed to the heterochromatic Y chromosome 9 , leading to a strong suppression of LacZ expression by PEV in the SG. Both þ /Tctp h59 and þ /Tctp EY09182 increased the number of SG cells expressing LacZ in BL2 line ( Supplementary Fig. 7d , about 7-fold increase compared with þ / þ control). Both cases of PEV suppression by Tctp mutants were fully restored by introducing Tctp Ge30-2 ( Supplementary Fig. 7c-d) . Altogether, these results strongly suggested that Tctp is required to maintain pericentromeric heterochromatin silencing or boundaries.
Instability of the repeated sequences in Tctp mutants. In eukaryotic genome, silencing histone marks protects repetitive sequences (such as ribosomal RNA genes (rDNA)) and pericentromeric repeats by inhibiting recombination between DNAs with similar sequences. In addition, transcriptional silencing of specific genes such as rDNA and transposons prevents cell lethality caused by excessive gene/transposon expression 8, 51 .
Since tandemly-repeated rRNA genes are proximal to pericentromeric heterochromatin region and their expression is partially suppressed by silencing histone marks 9 , we addressed whether rRNA gene silencing and rDNA structure are impaired in Tctp mutants. First, we checked Fibrillarin protein level (Fib; an RNA-binding protein for efficient processing of Pre-rRNA in nucleolus) in Tctp-knockdowned wing discs from en4Tctp-i larvae. These discs showed considerably increased Fib protein levels and nucleolar size in the posterior region (Fig. 5b , bottom) compared with the anterior compartment of the same disc or en4GFP control. Tctp overexpression in the posterior compartment showed a marginal reduction in the Fib level (Fig. 5b, middle) . In SGs, the nucleolar morphology was also disrupted with about 2-fold increase in the Fib-positive areas in Tctp EY/h59 (Fig. 5c) , suggesting abnormal repair of double-strand breaks (DSBs) in these sequences 6 . Furthermore, the Fib protein level in the whole body from Tctp EY/h59 was increased about 2.9-fold (Fig. 5d) Salivary glands (3 rd instar larvae) QPCR of rRNA transcription in SG showed about 2-fold increase in Tctp EY/h59 (Fig. 5e) . During normal development, tandemly repeated sequences often make extrachromosomal circular DNA (eccDNA) through intramolecular homologous recombination between tandem repeats, causing genome instability. This eccDNA formation is markedly increased when genome is exposed to mutagens causing DSBs or when heterochromatin formation is defective by su(var) 3-9 1/2 mutation (Fig. 5f) 6, 51 . Interestingly, Tctp EY/h59 showed an increased eccDNA formation from the tandem-repeats such as rDNA (9.5-fold) and stellate (encoding casein kinase beta subunit; 2.9-fold) genes (Fig. 5f) . The stellate locus is located in the pericentromeric heterochromatin of chromosome X 9 . Reduced gene silencing and increased eccDNA in Tctp EY/h59 were restored to the wild-type level by introducing Tctp Ge30-2 (Tctp RES in Fig. 5d-f) . These results suggest that Tctp is required to maintain the stability of rDNA loci and pericentromeric repeated sequences.
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Reduced heterochromatic silencing components in Tctp mutants. H3K9me2/3 histone modification catalysed by SU(VAR)3-9 HMT is an essential step for the recruitment of HP1a, leading to heterochromatin formation or gene silencing in Drosophila. Thus, H3K9 methylation and HP1a are convenient markers for silencing associated with heterochromatin structure 3, 6, 8, 46 .
Since mutations in Tctp and su(var)3-9 result in similar induction of eccDNAs in rDNA and heterochromatic sequences 6 , we assessed whether su(var)3-9 and other silencing components are affected in Tctp mutants. Indeed, larval SG tissues from Tctp EY/h59 or Sgs34Tctp-i showed considerably reduced levels of H3K9me2 and HP1a ( Fig. 5g; Supplementary Fig. 7g ). In cell nucleus from Tctp EY/h59 , H3K9me2 level was reduced to about 47% of wild-type (Fig. 5g) . Likewise, polytene chromosomes from SGs of Tctp EY/h59 showed about 63% reduced H3K9me2 levels in the chromocenter ( Supplementary Fig. 7e-f) . Consistent with these results, both the mitotic Tctp h59 null clonal cells of wing disc and the posterior compartment of en4Tctp-i wing discs showed strong reduction in the levels of H3K9me2 (Fig. 5h,i) and H3K9me3 ( Supplementary Fig. 7i, arrowhead) , respectively. In addition, HP1a levels were reduced in cell nuclei and polytene chromosomes from Tctp EY/h59 ( Fig. 5g; Supplementary Fig. 7e-f) . The reduction of silencing marks in Tctp mutants was restored by introducing Tctp Ge30-2 ( Fig. 5g and Supplementary Fig. 7e , Tctp RES ).
The reduction of silencing marks in Tctp mutants appears to result from the decreased amounts of SU(VAR)3-9 HMT protein, rather than the decreased enzyme activity for three reasons.
Firstly, su(var)3-9 transcription was reduced in Tctp EY/h59 to about a half of the wild-type level (Fig. 5j) . Secondly, chromatin IP assays revealed that Pol-II accumulation to su(var)3-9 locus was reduced in Tctp-knockdowned S2 cells to about 47% of pSK(-) RNAi control ( Supplementary Fig. 8d ). Finally, direct interaction among Tctp, SU(VAR)3-9, and HP1a was not detected in our assay (data not shown). Notably, transcription of su(var)2-5 gene encoding HP1a in Tctp EY/h59 was intact, although its protein level was decreased (Fig. 5j,k) . This suggests that the stability of HP1a protein might be reduced in Tctp mutants by the decreased level of SU(VAR)3-9 protein. We also checked whether the effects of Tctp mutations on the level of silencing marks are related to an increase in the Brm function. Interestingly, the reduced levels of H3K9me2 and HP1a in Tctp EY/h59 were not restored by brm 2 / þ (Fig. 5k) . Furthermore, the level of Brm in the su(var)3-9 locus was very low and unchanged by Tctp-knockdown (Supplementary Fig. 8f) .
Overall, these results suggest that Tctp is required for su(var) 3-9 transcription, thus affecting the levels of H3K9 methylation and HP1a. These are likely to contribute to the formation of eccDNA in rDNA and pericentromeric heterochromatin. In this process, Tctp mutants are not affected at least by partial reduction of Brm.
Brm reduction suppresses genome instability in Tctp mutant. Heterozygote for brm 2 mutation can enhance PEV or TPE (telomeric position effect) phenotype by increasing heterochromatin-mediated suppression of w þ expression in adult male 17, 52, 53 . Because Tctp and Brm directly interact each other and are biochemically and genetically antagonistic, we addressed whether the suppression of w m4 PEV phenotype in Tctp h59/ þ may be restored by brm 2 mutation. Indeed, we found that brm mutation ( þ /brm 2 ) strongly suppressed the effects of Tctp mutation (Tctp h59 / þ ) on the w m4 PEV phenotype (Fig. 6a , black arrow and histogram). Consistent with this, core subunit genes of the Brm complex such as mor and snr1 also interacted genetically with Tctp in the w m4 background. Heterozygous mor mutation ( þ /mor 1 ), a known w m4 -enhancer, reduced eye pigmentation of Tctp h59/ þ (Fig. 6a, white arrowhead) , while a known w m4 -suppressor, heterozygous snr1 mutation ( þ /snr1 101319 ), increased eye color (Fig. 6a, black arrowhead) . These data suggest that pericentromeric heterochromatin instability in Tctp mutants is related to an abnormal activation of the Brm complex function, although the reduced levels of the silencing marks, H3k9me2/3 and HP1a in Tctp EY/h59 were not restored by brm 2 / þ mutation. In most eukaryotes including flies, Brm-containing chromatin remodelers are divided into two subclasses according to their specific accessary subunits, BAP (SWI/SNF in yeast and BAF in mammals) and PBAP (RSC in yeast and PBAF in mammals; Fig. 7a ). BAP contains OSA, whereas PBAP has Bap170, 180 and SAYP. Tctp h59/ þ showed strong genetic interaction with double heterozygous mutations of bap170/180 (Fig. 6a,  white arrow) . In contrast, the Tctp mutant effects were not modified by heterozygous osa mutation ( þ /osa 2 ; Fig. 6a,  square) . Thus, Tctp seems to interact more preferentially with PBAP than BAP to facilitate pericentromeric heterochromatin silencing. 
may exacerbate the stability of silenced repeated sequences. We tested this possibility in brm and Tctp double mutant or RNAi conditions (Fig. 6b-f ). As expected, various characteristics of genome instability in Tctp mutants, including elevated rDNA expression, abnormal nucleolar morphology, and eccDNA formation, were ameliorated by reducing Brm activity in the double mutant condition (brm 2/ þ , Tctp EY/h59 or en4Tctp-i,brm-i). Increased Fib level in en4Tctp-i or Tctp EY/h59 was considerably suppressed by Brm-knockdown (UAS-brm-i) or brm 2/ þ mutation, respectively (Fig. 6b,c) . Consistent with this, increased Pre-rRNA expression, eccDNA formation and disrupted nucleolar morphology in Tctp EY/h59 were also suppressed by brm 2/ þ mutation (Fig. 6d-f) .
It has been shown that increased transposon expression causes life span reduction by de novo insertional mutations or mRNA toxicity 45 . Similarly, adult Tctp EY/h59 males showed a shortened life span (32.8 ± 1.5-d-old) compared with wild-type (43.8 ± 2.1 days) at 29°C (Fig. 6g) . This phenotype was improved by 5.4 days in the presence of brm 2/ þ (38.2 ± 1.7 days), suggesting that the reduced life span in Tctp EY/h59 might be due to increased Brm function to some extent.
Discussion
Heterochromatin silencing has important roles in the maintenance of genome stability. Silencing histone marks prevents transposon jumping and abnormal recombination between repetitive sequences (rDNA and pericentromeric heterochromatin), thereby restraining structural lesions in chromosomal DNA. Here we have shown a multitude of evidence that Tctp is required to stabilize pericentromeric heterochromatin in concert with Brm remodeler and to regulate su(var)3-9 histone gene transcription for producing histone marks for silencing.
Tctp physically interacts with Brm, providing the basis for their genetic interaction. Tctp and Brm proteins also show extensive co-localization in the interband regions of polytene chromosomes and they work antagonistically in the regulation of gene expression. Analysis of chromosomal localizations in Tctp or brm mutant SGs indicates that Tctp is not critically required for the localization of Brm and vice versa at the gross level. This suggests that the physical interaction between Tctp and Brm might be involved in the regulation of their activity rather than their chromosomal localization. In fact, Tctp knockdown results in strong upregulation of the ATPase activity of Brm, suggesting that an important function of Tctp is to inhibit the ATPase activity of Brm. Precise mechanism for the Tctp-mediated inhibition of the Brm ATPase activity is currently unknown. However, we have shown that reduced Tctp facilitates binding of both ARP4 and Act to the HSA domain of Brm. Hence, Tctp seems to antagonize the Brm ATPase activity by competitively interfering with the binding of ARP4 and Act. The biochemical evidence for the Tctp function of inhibiting the Brm activity is strongly supported by antagonistic genetic interactions between Tctp and brm in multiple organs like eye, wing and SG, and even in the survival rate of adult flies. Hence, Tctp and Brm antagonistically affect gene expression and developmental events as well as adult life of flies. In addition to its antagonistic role with Brm, Tctp is required for the expression of Su(var)3-9 HMT, thus promoting H3K9 methylation and pericentromeric heterochromatin silencing and stability.
On the basis of these findings, we propose a model for the functions of Tctp in the regulation of transcription, heterochromatin silencing, and the stability of repeated sequences (Fig. 7b) . In this simplified scheme, Tctp regulates gene transcription and heterochromatic stability. To stabilize repeated sequences, Tctp plays two related functions: a negative regulation of Brm activity and a positive regulation of su(var)3-9 expression, the step (1) and (2) in Fig. 7b , respectively. In the step 1, Drosophila Brm participates in the processes for gene transcription 14, 16, 35, 37, 39 and the inhibition of heterochromatin spreading 17, 52, 53 . Our data show that both of these Brm functions are negatively regulated by Tctp. For example, Tctp is necessary for suppressing excessive or unwanted transcription of heterochromatic genes like transposons and for preventing eccDNA formation or heterochromatin spreading by suppressing the Brm remodeler activity. The role of Tctp in regulating the transcription of repair genes such as Ku70/80 and tefu might in part account for the instability of repeated sequences observed in the absence of Tctp.
Our data for the role of Tctp in stabilizing the pericentromeric heterochromatin may also be explained by the inhibitory function of Tctp to Brm (step 1, Fig. 7b) . Interestingly, transcription of some snoRNA molecules including chromatin-associated RNA (caRNA; CR34558, CR34684, and CR33674) is upregulated in Tctp mutants, and these effects are suppressed by brm mutation ( Supplementary Fig. 11 ). Hence, Tctp might be involved in inhibiting the Brm function of producing small ncRNAs (non-coding RNAs) such as snoRNA or caRNA. Small ncRNA including snoRNA and small interfering RNA have important roles in the formation of heterochromatin or gene silencing in eukaryotes 54, 55 . Especially, since caRNA is a mediator for the establishment of open chromatin states in flies and humans 56 , increased Brm function might affect pericentromeric silencing via caRNA (step 1a, Fig. 7b ).
It is also worth noting that in mammals, human Brm homologues can interact with nucleolar proteins [57] [58] [59] . Thus, uncontrolled Brm access to the nucleolus in Tctp mutant cells might affect rDNA instability via interacting with Pol-I or other components, as indicated by the step 1b in Fig. 7b . Brm chromatin remodeler can also affect pericentromeric heterochromatin by regulating the chromatin boundary in Drosophila 17,52 (step 1c, Fig. 7b ). In this process, Brm works together with the GAGA-FACT-HIRA complex for Histone3.3 (H3.3) replacement at the chromatin boundary, thereby inhibiting the spreading of hetrochromatin silencing 17 . However, it has been unknown how Brm function at the boundary is regulated. In this regard, it is noteworthy that Tctp mutants show abnormal PEV. This defect is considerably suppressed by reducing the brm gene dosage. Our data suggest that Tctp may negatively regulate Brm function at the chromatin boundary. However, since localization of PBAP subunits or ASF1 interacting with Brm is also detected in the regions of pericentromeric heterochromatin 60-62 , we do not exclude the possibility that Tctp mutations may affect PEV by elevating the Brm activity within the regions of pericentromeric heterochromatin (Step 1d).
In addition to the function of Tctp through its interaction with Brm, we also propose an additional mechanism of Tctp in controlling the stability of pericentromeric heterochromatin. In this pathway (step 2, Fig. 7b ), Tctp is required for histone modification by regulating su(var)3-9 expression. Our data show that both levels of su(var)3-9 HMT transcription and H3K9me2/3 silencing mark are reduced in Tctp mutants. Further, ChIP analysis also supports that Tctp may function as a positive transcriptional modulator to mediate Pol-II accumulation on the su(var)3-9 locus. Because Tctp-dependent regulation of su(var) 3-9 transcription is not modified by brm mutation, Tctp appears to regulate the expression of su(var)3-9 in a Brm-independent manner. Although Tctp can directly bind to su(var)3-9 locus for positive regulation, the precise role of Tctp for transcription control of su(var)3-9 is currently unknown. However, because mammalian TCTP regulates transcription of oct4/nanog genes 21, 24 , Drosophila Tctp might function as a transcription factor or a transcriptional regulator for su(var)3-9. It is also possible that like Drosophila SNR1 (ref. 40) , Tctp might regulate the stability of su(var)3-9 transcript during transcriptional elongation process.
Our findings show that Tctp contributes to the stability of heterochromatin by its physical interaction with Brm. Previous studies have shown that Tctp directly interacts with ATM-kinase to promote DNA damage repair in Drosophila and mammalian cells 22, 25 . Interestingly, ATM is also known to inhibit local Pol-II and pan-nuclear Pol-I activities in response to DSB 63, 64 . Thus, it raises a question whether impaired ATM activity resulting from reduced Tctp might be responsible for increased Pol-II and Pol-I activity in Tctp mutants. Our tests for this possibility indicated that, in the absence of DSB induction, loss of ATM does not increase Pol-II activity in developing tissues of Drosophila and only leads to a weak increase in the Pol-I activity ( Supplementary  Fig. 9a and Supplementary Discussion for details).
It has been reported that mammalian Brm homologs like hBrm and Brg-1 act together with ATM to repair IR-induced DSBs at g-H2AX foci 65 . Unlike Tctp, however, Drosophila Brm shows little co-localization with g-H2Av foci, and reduced Brm does not affect the level of g-H2Av, suggesting that ATM might not work together with Brm for DNA repair in developing organs of Drosophila ( Supplementary Fig. 10 and Supplementary Discussion). On the other hand, we noted that heterozygous atm mutation can suppress w m4 PEV phenotype ( Supplementary  Fig. 9b, arrow) , and this suppression is significantly counteracted by brm heterozygous mutation ( Supplementary Fig. 9b , black arrowhead). Since this genetic interaction between atm and brm is similar to that of between Tctp and brm, it appears that Tctp-ATM complex might negatively regulate Brm function to stabilize heterochromatin boundaries or epigenetic modifications (Fig. 7b, Step 3) . However, genetic interaction between Tctp and ATM in w m4 þ PEV might be additive rather than synergistic ( Supplementary Fig. 9b , white arrowhead). Thus, it is possible that Drosophila ATM and TCTP might function in parallel pathways to promote heterochromatin silencing or the establishment of its boundaries by negatively regulating Brm activity. Further studies are necessary to understand the precise relationship between ATM and TCTP. Nonetheless, our data suggest critical roles of Tctp in antagonizing the Brm function for the regulation of gene transcription and genome stability, providing insights into possible similar functions of human TCTP.
Methods
(1:10,000, Abcam 9106), Rb anti-V5 (1:2,500, Sigma v8137), and Ms anti-Pol-II (1:1,000, Abcam 5408).
In vitro ATPase assay. DNA-dependent ATPase activity was determined with a colorimetric assay measuring the formation of inorganic phosphate with some modifications [31] [32] [33] . Standard reaction mixtures (50 ml) contained 20 mM HEPES (pH 7.4), 0.2 mM EDTA, 1.5 mM MgCl 2 , 0.1 mM DTT, 5% glycerol, 80 mM KCl, 1 mM ATP, 20 mg ml À 1 of SK(-) plasmid DNA, 2 Â proteinase inhibitor cocktail (Roche). The reaction mixture was incubated at 30°C for 30 min. Reaction was terminated by an addition of 0.85 ml of malachite green/acid molybdate/tween20 (0.04%) solution, followed by the addition of 0.1 ml of a 34% sodium citrate solution. After 15 min of color development, A660 was determined.
Measuring eccDNA formation. Approximately 100 larvae were frozen in liquid nitrogen. Samples were ground with a Kontes pestle in 0.5 ml of Hirt lysis buffer (0.6% SDS, 10 mM EDTA, pH 8.0) 6 , and then incubated at RT for 10-20 min. NaCl was added to a final 1 M concentration and incubated overnight at 4°C. After centrifugation at 14,000g for 40 min at 4°C, the supernatant was collected into a new 1.5 ml tube and DNA was phenol-chloroform extracted three times and precipitated with ethanol. eccDNA content was assayed by QPCR and gel electrophoresis using appropriate primers (Supplementary Table 2 ).
Heat shock. Third-instar larvae raised at 18°C were transferred to 1.5 ml tubes containing a piece of wet 3MM paper and submerged in a 37°C water bath for 30 min.
Microarray analysis. Total RNA was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol. Total RNA concentration and purity were determined by spectrophotometry to measure the absorbance ratio at 260:280 nm (RNA samples with ratios greater than 1.8 were used for analyses). The integrity of the RNA samples was also ascertained by analyzing 28S and 18S ribosomal RNAs with a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). For gene expression profiles (eBiogen, Seoul, Korea), 500 ng RNA per sample was processed to labelled cRNA using the Affymetrix 3 0 IVT Express kit according to the manufacturer's instructions and hybridized to Affymetrix Drosophila 2.0 GeneChips for 16 h at 45°C. Gene chips were washed and stained with streptavidin-phycoerythrin using the Affymetrix Fluidics Station 450 and scanned on an Affymetrix GeneChip 3000 scanner (Affymetrix, Santa Clara, California, USA). The intensity values were normalized and summarized using robust multi-array analysis in R (www.R-project.org) and the Bioconductor package. A gene set representing 41.5-fold changes in at least one group (Tctp h59/ þ or Tctp EY/h59 ) is presented by hierarchical clustering analysis (red, 41.5-fold change; green, o1.5-fold change). The hierarchical clustering was conducted using Agilent's GeneSpring GX7.3 (http://www.genomics.agilent.com/).
Chromatin immunoprecipitation (ChIP) in S2 cells. Cells (3.7-6.3 Â 10 7 ) grown in a T25 flask were cross-linked with 1% formaldehyde for 10 min at room temperature. This cross-linking was stopped with 125 mM glycine for 5 min at room temperature. The DNA-protein complexes were prepared according to the manual for SimpleChIP enzymatic chromatin IP kit (Cell Signaling) without MNase treatment. The cross-linked chromatin was sheared into 200B500 base pairs using Branson sonifier 450 (10% amplitude for 30 s with 0.5 s interval, five cycles). The DNA-protein complexes were incubated with each 2-3 mg of nonimmune IgG antibody, anti-PolII (Ab5408, 4H8), anti-H3 (Millipore 05-928), anti-H3K9me3 (Ab8898), anti-Brm (Dr Fengwei Yu) or anti-Tctp for overnight at 4°C. Chromatin IP, bead-washing, and chromatin elution were performed according to the kit manual. Short DNA fragments corresponding to su(var)3-9 locus were amplified using QPCR. The primer set is listed in Supplementary Table 2 .
Double-stranded RNA-mediated interference. One microgram of PCR products with T7 promoter sequence (pSK(-) or Tctp RNAi; Supplementary Table 2) was used for production of dsRNA (MEGAscript kit, Ambion). Bathing way was used for RNAi treatment. To maximize target protein reduction by Tctp RNAi, S2 cells were treated twice on day 0 and day 3 (or 4) 22 .
Life span. Flies were outcrossed 5 times with w 1118 to minimize genetic background effects. Life span was measured with 150-300 flies per genotype 69 . The life span of each genotype was measured at least in 8-15 separate vials (20 male flies a vial). Flies were cultured at 29°C, 50% relative humidity, and 12:12 h light/dark cycle in an incubator. Food vials containing fresh standard corn-meal media were replaced every 2-3 days. Life span analyses was performed using PRISM 6 (GraphPad, USA) with the Kaplan-Meier method. Comparisons among groups were conducted using Log-rank test 70 .
Data availability. The microarray data are available at http://www.ncbi.nlm.nih.-gov/geo/ (Accession number: GSE75900). All other relevant datasets will be made available from the authors upon request.
